The major histocompatibility complex (Mhc) is a multigene family found in vertebrates. Mhc genes code for heterodimeric cell-surface molecules involved in presentation of peptides to T-lymphocytes. There are two classes of Mhc) and in eutherian mammals four main families of class II genes have been recognized; DR, DQ, DP, and DN/DO. Each class II family contains genes that code for one or more a and p chains. Do the class II genes of marsupial mammals belong to any of these eutherian mammal class II families? The results to date are conflicting. The expressed class II P-chain genes could not be satisfactorily assigned to any eutherian class II gene family and were designated as new gene families, while, conversely, a partial sequence of an expressed a-chain gene was clearly very similar to the DNA gene of eutherian mammals. The aim of this study was to conduct a more thorough analysis of the cl-chain genes in a marsupial by obtaining full-length sequences of all the expressed a-chain genes in the red-necked wallaby, Macropus rufogriseus. Two class II u-chain genes were isolated from a spleen-derived cDNA library, and both have the potential to code for fully functional MHC molecules. Phylogenetic analysis indicated they belonged to previously identified eutherian class II families and are designated as Muru-DRA and MarcDNA. Northern blot data indicated processed transcript sizes of -1.6 kb for Maru-DRA and -2.5 kb for ikfuru-DNA and that the latter was expressed at a lower level than the former. The phylogeny shows that the DR, DQ, DP, and DN/DO gene families diverged prior to the divergence of the marsupial and eutherian mammal lineages.
Introduction
Genes of the major histocompatibility complex (A&) code for glycoproteins that are central to the immune response of vertebrates because they provide the context for the recognition of foreign peptides by T-cells (Zinkernagel and Doherty 1974; see Klein 1986 for an overview). Short peptides, derived from both self and foreign proteins, are bound in the antigen-binding groove of MHC molecules for presentation to T-cells (Bjorkman et al. 1987; Falk et al. 1991; Rudensky et al. 199 1; Brown et al. 1993 ) . In general, class I molecules bind peptides derived from proteins in the cytosol, while class II molecules bind peptides derived from proteins captured within endosomes (reviewed in Germain 1994) . The functional MHC molecule is a heterodimer, and the class( -330 residues) and the gene for Pz-microglobulin ( -98 residues). The class II heterodimer is formed from the roughly equally-sized products ( -220 residues) of an a-and a P-chain gene.
Evolution of the Mhc multigene family is characterized by rapid duplication and loss of the functional genes such that these genes are often not orthologous between taxa but instead are most closely related to each other within a taxa; this has been termed the accordion model of Mhc evolution . In eutherian mammals, this birth-and-death process of gene evolution is more rapid for class I genes than for class II genes (Nei and Hughes 1992) . For example, the functional class I genes of primates are all more closely related to each other than to the functional class I genes of rodents (Hughes and Nei 1989) . For class II genes, however, the same families are present among different orders of eutherian mammals, and so orthologous relationships between genes can be detected (Klein and Figueroa 1986; Hughes and Nei 1990) . Thus, the a-chain gene of the DR class II gene family (i.e., the DRA gene) in humans is more similar to the D&f gene in the mouse, rat, cow, dog, and so forth, than to any other human class II crchain gene. However, there are no orthologous relation-ships among class II genes between mammals and birds, at least for P-chain genes (Hughes and Nei 1990) . (A class II a-chain gene has not yet been obtained from a bird.) Duplications of class II genes do occur, and humans, for example, contain up to five DRB genes per haplotype, but similarity of these genes with the DRB genes of other eutherian mammal species is clear (Hughes and Nei 1990; Klein et al. 199 1) .
Four main class II gene families, each with their respective a-and P-chain genes, have been described in eutherian mammals; DR, DQ, DP, and DN/DO (Klein and Figueroa 1986; Karlsson and Peterson 1992) . A fifth family, DM, is very divergent from other class II genes (Cho et al. 199 1; Kelly et al. 199 1) and does not appear to present antigens to T-cells directly (Fling et al. 1994; Morris et al. 1994) . The four main families diverged from each other at about the same time, some 100-200 million years ago (Mya) Klein and Figueroa 1986; Hughes and Nei 1990) . The marsupial and monotreme mammals diverged from the eutherian mammal lineage approximately 1 OO-150 Mya and 150-200 Mya, respectively (Hope et al. 1990) ) and are therefore ideal groups in which to investigate the early evolution of these eutherian class II gene families. Studies of marsupial Mhc genes at the DNA-sequence level have demonstrated the existence of class I ) and class II genes (Schneider et al. 199 1; Slade et al. 1994) . The class I genes evolve in a similar way to that described previously; that is, the three expressed genes isolated from the red-necked wallaby, Mm-opus rufogriseus, are more similar to each other than to class I genes in other taxa .
The class II genes, however, present contrasting results. An investigation of the expressed class II P-chain genes in the red-necked wallaby showed that the three genes belong to two families but could not be assigned to any of the eutherian class II gene families and were therefore designated as new gene families, DA and DB (Schneider et al. 199 1) . The 3' untranslated region (3 ' UTR) was used to assign orthology, but the suitability of this region to detect orthology over such a long divergence time was questioned (Slade et al. 1994) . Nonetheless, phylogenetic reconstruction of the coding region sequences did not clearly demonstrate orthology of the wallaby DAB or DBB genes with any of the eutherian genes (Schneider et al. 199 1) . The data on marsupial u-chain genes presented a different view as a gene with distinct similarity to the eutherian DNA gene was isolated from the tammar wallaby, A4. eugenii (Slade et al. 1994) . However, the latter study obtained only the partial sequence of one expressed a-chain gene, therefore, the aim of this study was to conduct a more thorough analysis of the expressed a-chain genes in a marsupial, the red-necked wallaby.
Material and Methods

Library Screening
Five hundred thousand plaque-forming units of a spleen-derived hgt 10 cDNA library from a red-necked wallaby were screened with full-length cDNA clones of human DRA (Korman et al. 1982) , DQA (Auffray et al. 1982) , and DPA genes (see Schneider et al. 199 1 for details of library construction). The probes were labeled by the random primer extension method (Feinberg and Vogelstein 1983) to a specific activity > 1 X 10 * cpm/ug. Hybridization conditions for the nitrocellulose filters were as previously described . The filters were washed at room temperature for 5 min in 2 X SSC/O. 1% SDS (where 1 x ssc = 150 mM NaCl, 15 mM sodium citrate, pH 7.0), and then at 50°C for 30 min in 2 X SSC/O.l% SDS. Positive plaques were replated and screened to obtain clones for subsequent sequencing.
Polymerase Chain Reaction (PCR)
The 10X buffer was 500 mM KCl, 100 mM TrisCl ( pH 8.3 ) , 0.1% Nonidet P-40,0.1 % of filtered Tween 20. The PCR reaction also contained 1.5 mM MgC12, 100 p-M dNTP' s, and five units/ 100 ~1 of Taq DNA polymerase. The reaction was overlaid with paraffin oil. Primers dna 1 ( 5 ' -TGTGTGGCGGCTTCC-AGAGTT-3 ' ) and dna2 ( 5 ' -GTGAGGTAGTAGA-ACTTGCGGAA-3' ) were designed from the tammar wallaby DNA-like sequence (Slade et al. 1994 ). These were used for anchored PCR on the cDNA library in combination with hgt 10 primers Tu 1244 ( 5' -ACA-AGCTTGTATTTCTTCCAGGGTAA-3 ' ) and Tu 1245 ( 5' -AGAGTCGACAAGTTCAGCCTGGTTA-3 ') . The cycle parameters were 94°C 1 min, 55°C 1 min, 72°C 3 min for 35 cycles. Primers dna3 ( 5' -GTGGGCAC-CATCCTTAT-3 ' ) and dna4 ( 5 ' -AGTAAAGCCCA-TAGTGC-3 ' ) were designed from red-necked wallaby sequence to amplify a part of the 3' UTR, and the cycle parameters were 94°C 1 min, 50°C 1 min, 72°C 2 min for 30 cycles. Negative controls were always included to check for contamination.
Sequencing
The insert from the hgt 10 library was subcloned into the EcoRI site of M 13mpl9 and sequenced using standard universal and reverse M 13 primers containing a fluorescent label which were provided in the Pharmacia AutoRead sequencing kit. The sequence was completed with internal labeling of Fluorescein-15-*dATP (Voss et al. 1992 ) using the same sequencing kit and with site-specific primers 1247 ( 5 ' -TGGGTCTGGTGGG-CATC-3 ') , 1249 ( 5 ' -TCCGCAAATTCCACTAT-3 ') , 125 1 ( 5 ' -ATAGCTGTGGACAAAGC-3 ') , dra 1 ( 5 ' -
ATAA-3' )) and dra6 ( 5' -TCCATTCCACTCTCTAC-3 ') .
The products from the anchored PCR were kinased and end filled and then ligated to the SmaI site of M 13mp 19 using standard protocols (see, e.g., Sambrook et al. 1989) and then sequenced with Ml3 primers as described above. Multiple clones of the PCR products were sequenced to check for misincorporation errors that occur during amplification.
Northern Blot
Poly (A) RNA from red-necked wallaby spleen was isolated as previously described ( Schneider et al. 199 1) , and 3 pg was electrophoresed overnight through a 1.2% agarose-formaldehyde gel. Two samples of total RNA isolated from tammar wallaby small intestine were included as positive controls, and Lambda phage DNA digested with Hind111 was included as a molecular weight marker. The RNA was vacuum-blot transferred at a pressure of 45 cm HZ0 for 2 h to a Hybond N + filter. Hybridization was at 52°C overnight in 50% formamide, 5 X SSPE, 0.5% SDS, 5 X Denhardt' s, 100 p,g/ml salmon sperm DNA. The first hybridization was with Maru-DNA as probe (exon 2 to the end of the 3 ' UTR) and then with Maru-DRA (full-length cDNA sequence). The probes were labeled as described above to a specific activity > 1 X lo9 cpm/ pg. The filter was washed in 2 X SSPE/0.2% SDS at room temperature for 20 min and then exposed to X-ray film for 3 d. Equivalent conditions were used for each hybridization.
Genetic Analysis
Overlapping sequences were aligned with either the AssemblyLIGN program ( IBI-Kodak) , which also created the contiguous sequence, or with the MacVector program ( IBI-Kodak), in which case the contiguous sequence was created manually. Multiple alignments were created with the CLUSTAL V program (Higgins and Sharp 1988) and adjusted manually to increase similarity. Phylogenetic reconstruction used the neighbor-joining method (Saitou and Nei 1987) . The genetic distances were calculated from the inferred amino acid sequence (after removal of all gaps and missing data) and included a Poisson correction for multiple substitutions. The reliability of clustering patterns was assessed by bootstrapping the data 500 times (Felsenstein 1985) . Phylogenetic analyses were conducted with the MEGA suite of programs (Kumar et al. 1993) .
Results
From the initial screening of the cDNA library with a cocktail of human D&t, D&t, and DPA probes, 35 positive clones were selected. The rescreening revealed only one positive clone, which has been designated as MarcDRA (see later), and this contained a -1.5-kb insert after digestion with EcoRI. The complete sequence of Mat-u-DRA is shown in figure 1 . The 1,527 base pairs (bp) contain a 77 I-bp open-reading frame coding for 257 residues. The sequence also includes 3 1 bp of 5 ' UTR and 725 bp of 3 ' UTR, and a classical polyadenylation signal (AATAAA) starts 27 bp before the end of the sequence. A polyA tail was not present, probably due to the method of library construction in which firststrand cDNA synthesis was primed with random hexamers.
All mammals so far investigated have at least two functional class II gene families, which, combined with the presence of two P-chain gene families from the rednecked wallaby, led us to assume that two cl-chain gene families should be present in the cDNA library. As a DNA-like gene had previously been shown to be expressed in the closely related tammar wallaby, this was a likely candidate for the gene of a second a-chain gene family. Primers were designed from the tammar wallaby sequence and used in anchored PCR with an aliquot of the cDNA library as template. The amplified products were cloned and sequenced, and the overlapping sequences were made contiguous to give what is designated here as the Maru-DNA gene (see later). The sequence is shown in figure 1 . The 2,099 bp of sequence contain a 762-bp open-reading frame coding for 254 residues. The sequence is truncated at the 5' end, and so no start codon is present; however, by analogy with the human and mouse DNA sequences, this is expected to be 9 bp (i.e., three residues) upstream. The 3' UTR is 1,337 bp, and again no polyA tail is present. There is a classical polyadenylation signal (AATAAA) 430 bp before the end of the sequence and a nonclassical polyadenylation signal ( AGTAAA ) 63 bp before the end of the sequence. However, it is likely that the 3' UTR is truncated by -400 bp (see below) and that the actual polyadenylation signal is beyond the end of the clone.
Poly( A) RNA from red-necked wallaby spleen was probed with both the Maru-DNA and Maru-DRA genes to determine the length of the processed transcripts and to gauge the relative levels of expression. This northern blot showed a -2.5-kb processed transcript for the Maru-DNA gene ( fig. 2 , lane 1) which is 400 bp longer than the cDNA sequence, and so we assume that the 3' UTR is truncated and that the actual polyadenylation signal has not been sequenced. An alternative possibility, albeit unlikely, is that an unusually long 5 ' UTR has been truncated. The Maru-DRA gene shows the expected -1.6-kb transcript ( fig. 2, lane 2) . The -2.5-kb band in lane 2 is most likely the result of incomplete probe intensity from the northern blot also shows that MaruFor technical reasons, we were not able to repeat the DRA is expressed at a higher level than Mar-u-DNA. hybridization so that alternative explanations for the The deduced amino acid sequences show the length presence of the -2.Skb band in lane 2 of differential and conserved residues expected of a class II a-chain splicing, alternative polyadenylation sites, and cross-hymolecule ( fig. 3 ) . The leader peptide of MawDRA conbridization with other a-chain genes must also be con-tains 25 residues, while the leader peptide of 
MarsDRA
and -DNA contains 84 and 85 residues, respectively; the a2 domain of both genes contains 94 residues; the connecting peptide contains 13 residues; the transmembrane region contains 23 residues; and the cytoplasmic tail of Maru-DRA and -DNA contains 17 and 15 residues, respectively. The cysteine residues that form a disulphide bridge in the a2 domain are present, but the a2 domain potential glycosylation site is absent in both Maru sequences. For Maw-DRA, the corresponding sequence is T-V-T, which is one substitution away from being an N-V-T glycosylation site (i.e., a codon change from AAT to ACT; fig. 1 ). For Maru-DNA, the corresponding sequence is N-I-K, and this also is only one substitution away from being an N-I-T glycosylation site (i.e., a codon change from ACA to AAA; fig. 1 ). In common with all eutherian mammal class II a-chain molecules (with the exception of Bota-DYA and HLA-DPA2), there is a potential glycosylation site in the a 1 domain (N-N-T for DRA and N-R-S for DNA). For examples of other residues conserved among class II a-chain molecules, the reader is referred to Stiltmann et al. (1993) .
A phylogenetic tree was constructed to ascertain the relationship between the Maru class II a-chain genes and those of eutherian mammals (fig. 4) . The residues used for creating the pairwise distances are 1 to 22 1 in figure 3 -that is, the al, cr2, connecting-peptide, and transmembrane domains. The Maru-DRA sequence forms a distinct clade with the eutherian DRA sequences, and this pattern is observed in 100% of the resamplings. The position of Maru-D&4 within that clade also reflects the expected phylogenetic position of a marsupial sequence as being an outgroup to eutherian sequences. A similar clustering pattern is observed for the Maru-DNA sequence which forms a clade with the human and mouse DNA sequences, and that pattern is observed in 67% of the resamplings. The phylogeny also shows that the divergence of the marsupial and eutherian mammal lineages, as represented by the divergence of the orthologous DRA and DNA genes, occurred after the divergence of the four class II gene families of DR, DQ, DP, and DN/DO.
Discussion
Two expressed class II a-chain genes were isolated from a spleen-derived cDNA library of the red-necked wallaby, Macropus rufogriseus. Both a-chain sequences have the potential to code for fully functional Mhc molecules as neither possesses any obvious defects, and it is likely that these two a-chain genes code for molecules that pair with the two P-chain molecules isolated from the same library (Schneider et al. 199 1) to form two mature class II heterodimers. However, we cannot exclude the possibility that other expressed a-and P-chain genes are present, particularly ones that are divergent from the eutherian mammal genes . &DtPEDMMAMI GLVVLGLOAG ALLTPLSASG A ***IRADHV *SYGAEFYQS YGPSGEFTFE FDGDEIFYVD LEKKETVWRL l *****_,..N KSLI__uI-m_LGpw--***--EN-- 
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3.-Alignment of deduced amino acid sequences of MHC class II a-chain genes where a dash (-) indicates an equivalent residue; an asterisk (*), a gap to increase similarity; and a dot (.) , that the sequence was not obtained. The al domain is from residues l-90, a2 domain from 9 1-185, the connecting peptide from 186-198, the transmembrane region from 199-22 1, and the cytoplasmic tail from 222-end. The potential glycosylation sites in the al and a2 domains of eutherian mammals are shown by bars over the sequence. Note that both Maru-DRA and -DNA contain only the al domain glycosylation site. The species shown are red-necked wallaby, Macropus rufogriseus (Maru); human, Homo sapiens (HLA); pig, Sus scrofa (Susc); rabbit, Oryctylagus cuniculus (Orcu); cow, Bos taurus (Bota); mouse, Mus musculus (HZ); and zebrafish, Brachydanio rerio (Brre). The references for the sequences are H-2Oa, Karlsson and Peterson (1992) ; HI&DNA, ; Susc-DRA, Hirsch et al. (1992) ; Bota-DRA, van der Poe1 et al. (1990) ; HLA-DRA, Koppelman and Cresswell (1990) ; H-2Ea", Hyldig-Nielsen et al. (1983) ; Orcu-DPA, Sittisombut et al. (1988) ; HLA-DPA, Lawrance et al. (1985) ; H-2Aak, Bishop et al. (1988) ; Susc-DQA, Hirsch et al. ( 1990) ; HLA-DQA, Auffray et al. (1987) ; Bota-DQA, van der Poe1 et al. (1990) ; Bota-DYA, van der Poe1 et al. (1990) ; and Brre-DAA, Stiltmann et al. (1993). used as probes (and see later). The lack of a glycosylation site in the a2 domain may be unusual for an a-chain gene, but there is a potential site in the al domain, and the presence of at least one site appears common to most, if not all, expressed a-chain genes. The corresponding sequence in the a2 domain is one substitution away from being a potential glycosylation site, and characterization of the a-chain genes of monotreme mammals may help in determining the ancestral mammalian condition regarding this particular character.
It is intriguing to note the similarity between wallaby, human , and mouse (Karlsson et al. 199 1) with respect to the reduced level of expression of the DNA gene compared with the DRA gene. For the human DNA gene, this has been attributed to a mutation in the polyA signal from AATAAA to ACTAAA , a mutation shared by the mouse DNA sequence (Karlsson and Peterson 1992) . However, it is not possible, at this point, to also ascribe the reduced level of expression in the wallaby DNA gene to a similar nonclassical polyA signal fig. 3 . The sequence used is from residues 1-221 and contains the al, (r2, connecting-peptide, and transmembrane domains. After removal of gaps, a total of 195 residues were used to create the pairwise genetic distances.
as the polyA signal in MarcDNA has, most likely, not been sequenced. The lack of polymorphism within the eutherian DNA genes (Jonsson and Rask 1989; Karlsson and Peterson 1992) is probably also the case for marsupials as there is only one variant site between the tammar wallaby and the red-necked wallaby in 39 1 bp of exons 2 and 3, and this is a synonymous substitution in exon 3.
The designation of orthology of genes within the A4hc can be difficult. This is because it is a multigene family which is characterized by a relatively rapid rate of gene duplication. In mammals, for instance, a class II gene family in a species will often contain two or more gene copies so that while it is generally simple to designate which family a particular gene belongs to, it is not necessarily so easy to designate which of the multiple genes within a family is orthologous (i.e., related by speciation events only) with which of the multiple genes in the same family of another species. Nonetheless, the placement of the Maru class II a-chain genes within previously designated eutherian gene families is clear. The inclusion of Mar-u-DRA with the DRA family in eutherian mammals is well supported by the bootstrap value ( 100%). The Maru-DNA gene forms a single clade with the eutherian DNA family, although it is not as well supported by the bootstrap value (67%). When the phylogeny is reconstructed using a nonsynonymous distance measure (with Jukes and Cantor [ 19691 correction ) , instead of the amino acid distance measure, the bootstrap value for the DNA clade increases to 88% (data not shown). Consistent with previous suggestions (Slade et al. 1994) ) the 3 ZJTR is not suitable to detect orthology over long divergence times as, for this region, neither of the wallaby a-chain genes could be satisfactorily aligned with their eutherian counterparts (data not shown).
The phylogenetic tree ( fig. 4 ) also shows that the DNA and DQA gene families arose by duplication of a single ancestral gene, and this model is well supported by the bootstrap value of 90%. This had been previously suggested by other studies but without strong support (Figueroa et al. 1990; Rask et al. 1990 ). The increased support in the phylogeny presented here appears to be due to the inclusion of the Alarm-DNA gene which shares more amino acid residues with DQA sequences than do the mouse and human DNA genes. The duplication of a different ancestral gene into the DPA and DRA genes is also indicated in the phylogenetic tree, and this had also been previously suggested (Hughes and Nei 1990 ). NOTE.-An asterisk (*) indicates a significant difference between a-chain and p-chain gene at the 5% level. The anomalously high rate of evolution of DRB compared with DRA is found only in comparisons involving the mouse sequence, and this remains true after inclusion of pig and sheep DR sequences (data not shown).
The position of the wallaby sequences shows that the DR, DQ, DP, and DN / DO gene families diverged prior to the divergence of the marsupial and eutherian mammal lineages.
The a-chain genes clearly belong to previously identified eutherian class II gene families, but this is not so for the P-chain genes (Schneider et al. 199 1) . According to Schneider et al. ( 199 1) ) the MawDBB gene does form a clade with the eutherian DOB gene family in a neighbor-joining tree of nonsynonymous distances when the peptide-binding codons in exon 2 are removed. This then would make it the partner to the Maw-DNA gene. However, the grouping is not very stable, and inclusion of Maru-DBB in the clade is dependent on which sequences are included and on whether amino acids or nonsynonymous sites are used to construct distances (data not shown). The same instability of position applies to the Mat-u-DAB gene (data not shown). This difference between the a-and P-chain class II genes of the red-necked wallaby in their similarity to eutherian mammal gene families is surprising because other data indicate that origin of the eutherian class II gene families occurred at the same time for both the a-and P-chain genes within each family. That is, the distance between the eutherian mammal class II gene families is roughly the same for both a-chain and P-chain genes (see, e.g., the phylogenetic trees with distance scale in Nei 1990 and . Also, within a family, the cz-and P-chain genes tend to be closely associated physically ( see, e.g., Campbell and Trowsdale 1993) .
There are at least two explanations for the contrasting results. First, as is the case for the a-chain genes, the expressed P-chain genes of the red-necked wallaby do belong to the DR and DN/DO gene families, but similarity with eutherian DRB and DOB genes has been obscured by a more rapid rate of P-chain gene evolution compared with a-chain gene evolution. However, a comparison of conserved exon 3 sequences among eutherian mammals shows that this explanation is not supported by the available data (table 1) . In general, achain and P-chain genes within a family evolve at similar rates. Second, as suggested by Schneider et al. ( 199 1 ), the Maru-DAB and -DBB genes represent two new mammalian gene families. If so, this would mean either that the a-and P-chains of the mature MHC heterodimers in marsupials have coevolved differently from those in eutherian mammals or that there are other expressed class II genes in the marsupial yet to be found.
